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Vibrational Spectra of Oxygen- and Boron-Isotopically Substituted

8203 Glasses

Charles F. Windisch, Jr. and William M. Risen, Jr.
Metcalf Research Laboratories
Department of Chemistry

Providence, Rhode Island 02912 U.S.A.

Abstract

The Raman spectra of 10B, 11B, 16O, 18O, and mixed isotopic
compositions of B,0, (gl) are reported. The 808 cm_1 band assigned
to the boroxol ring structure is found to shift upon oxygen isotope
substitution, and not to depend on the boron mass. It is replaced
by four bands, in the intensity ratio 1:3:3:1, in the case of the
50% 16O - 50% 18O-containing material. On the other hand, the
frequencies other principal bands depend on the masses of both
boron and oxygen. The ca 1260 cm-l band, in particular, depends on
the masses of both, and shifts without broadening upon partial
oxygen substitution. The analysis of these data shows that both a
local unit, behaving as predicted for the boroxol ring, and a

continuous random network of connecting bonds are manifested in

the spectra.




YT, Sy R

Introduction

The structure of vitreous 8203 has long been a subject of consid-

erable interest. Following the suggestion of Goubeau and Keller (1),

for some time boroxol rings (the 8303 units depicted in Figure 1)
have been thought to be major constituents of the structure. This
postulate has been supported by the results from a number of studies,

especially that of Bray and coworkers (2), who showed that the B- and

O-NMR spectra are consistent with boroxol rings being present, and 1

that, in any event, there are two different oxygen sites and boron is

in a site of axial symmetry. In addition, Kristiansen and Krogh-
Moe (3) and Brill (4) interpreted the vibrational spectrum of B203 (gl),
and Walrafen, et al (5) that of the melt as well, in terms of the boroxcl
ring as a major structural component. Important support for the postulate w
provided by Mozzi and Warren (6), who showed that the X~ray radial
distribution function (RDF) is well-fit by a boroxol-based model.
Finally, the orientation-dependence of the Raman spectra of B,04 (gl) films

l recently has been found to support this postulate (7).

On the other hand, crystalline BZO consists of "condensed

3
Bol 5 chains" (connected BO4 triangles) (8), and Elliott (9)

recently concluded that a continuous random network (CRN) of planar

BO3 units, the vitreous analog, best fits the RDF. No evidence for

boroxol rings was educed in that study. Nor was any found in the
molecular dynamics study of Soules and Varshneya (10). They showed

that given a system of classical particles (B and O atoms in the ratio
of 2 to 3) interacting under reasonable, spherically symmetric inter-
atomic forces, a B203 "glass" formed theoretically by very rapidly cool-
ing the system from a random fluid does not contain boroxol rings.

Such support for the CRN approach, and especially its utility
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in the interpretation of vibrational spectra of other covalently bound
oxide glasses (11,12) led Galeener, Lucovsky and Mikkelsen (13)
to employ it to interpret the spectrum of 8203 (gl) and attempt to
resolve some of the conflicting structural interpretations. The
spectra were analyzed using a nearest neighbor central force
network dynamics model. The results showed that if random
dihedral angles between connected BO3 units (which share an oxygen)
are assumed, the dominant (808 cm_l) band is not accounted for bv the
CRN, Ultimately, the conclusion was reached from the narrowness
of calculated angular distributions and comparison with the spectrum
of H3B3O6 that the boroxol ring structure is present.The CRN aspect of the
treatment, it was emphasized, is approximate and does not include a
number of potentially important force field elements.

Although it is possible to suggest how the import of certain
of the conflicting conclusions could be minimized, such as by pointing
out the limited theoretical time scale or incompleteness of the potential
function of the MD calculations, for example, the disparate results
remain. Since the CRN approach is intuitively appealing and has been
successful in other inorganic glass systems, it is important to help
establish the actual structure in 8203 (gl).

The vibrational spectra of isotopically substituted forms of
B,0, (gl) can provide useful information. 1In the boroxol model the
8303-rings, which are joined through extra-annular B-0O-B bonds to
other rings, can execute localized vibrations. These are modes in
which momentum is conserved without motion of atoms outside of the
unit. Isotopic splitting or shifting patterns for such modes are

directly calculable on the basis of the dynamics of the unit as a




pseudo-molecule. In the CRN model for 8203 (gl), as for all glasses

in which all atoms are bound in a network such that the only identifiable

unit smaller than the whole network is that comprised of an atom and
it nearest neighbors, the results of isotopic substitution are different ﬂ

in several ways. The more important is that the frequencies of the

collective mode should shift, upon partial or complete substitution b
. . !
for a given type of atom, as would be expected for an atom with a

mass that is the same as the number-averaged mass of the isotopes ]

present. Moreover, the associated bandwidth (FWHH) should not change.

For vibrations of an isolated unit this would not be the case. The
other expected result consists of the details predicted for a given

model. Thorpe and Galeener (14), for example, derived expressions

for the four "band edges" of an idealized A, X4 CRN consisting of

AX3 planar triangles and found that two modes should depend on the

mass only of X, while the other two depend on the mass only of A.
Isotopic substitution vibrational studies have not been done

as frequently on glasses as might be expected. One reason for this

is that the synthetic tools for obtaining contreclled composition

samples in a practical way with limited and expensive isotopes have

only recently been reported (15). A more important reason is that the

vibrational bands of glasses often are quite broad. Of course it

still is possible to obtain isotopically shifted spectra, but,when

the shifts are much less than the bandwidth,much of the detailed

information contained in spectra of mixed isotope materials is lost
or difficult to analyze. Fortunately, the strongest band in the

Raman spectrum of B,0, (gl) at 808 em™ L (excluding the "Bose-

3
Einstein" peak at very low frequencies) is very sharp. Its full width
1

at half height (FWHH) is about 15 cm * and it is sufficiently

"




separated from other bands that its behavior upon isotopic substitution
can be observed unambiguously. This band has been assigned to a
mode of the boroxol ring by Krcgh-Moe (3) and others. Other Raman
bands in 8203 (gl) are less sharp, but some are widely-enough separated
that their shifts in fully substituted materials can be observed.

If the 808 cm"l band is due to a boroxol ring vibration there
are several possible outcomes from isotopic substitution. One is
that the vibration is localized and its frequency depends on the
riasses of both B and 0. 1If this is the case, the relationships between
the magnitudes of the B- and O-displacements in the eigenvector can
be determined from the frequency shifts when B- and O-substitutions
are done separately. Another is that it is localized but depends
only on the mass of either B or 0. Given its symmetry (it would have
to be one of the totally symmetric modes in D3h), in this case the
complete form of the eigenvector is obtainable. In either of these
cases, the spectrum of B203 (gl) containing two or more isotopes
of a given atom would have a predictable form. For example, if

16O and half were 18

half of the oxygens were 0, four bands having the
intensity ratio 1:3:3:1 would be seen. The other general case is
the CRN of connected BO3 triangles. As noted above, if the mode is
a coupled one the band should shift according to the average mass
of the substituted atom but not change shape or bandwidth.

If the boroxol ring is an important structural element, it is
still true that they can be connected randomly. This would be
a CRN of boroxol units, and the isotopically substituted material
would have a spectrum which contains some bands that behave as if

they were due to pseudomolecules (execute local vibrations) and

some, due to the connecting links, that would behave in a number-

-— . - v . U@ L by g
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weighted average mass manner.

The preparation and Raman spectra of various isotopic forms of
8203(91) and the analysis of the data in terms of the structural
issue are reported below.

Experimental

Five different isotopic forms of 8203(91) were prepared for
study of the oxygen- and boron-mass effects. The compounds used as

starting materials determined the actual isotopic contents such that

165 had 100% %0, while 180 was 993 180, 1!

B was 92.4% 10B. Using these specifications, the

materials prepared were llB21603, llB21803, 10321603' llB416021802 (i.e.

11, 16 11_ 18 10, 11_ 16 . 10, 16 11, 16
82 03° B2 03), and B2 B2 6 {i.e BZ 03- 32 03).

example, taking into account the actual abundances, the empirical formula

of 11521603 is 11y lOB 16

1.6 0.4 3°
Preparation of O-labelled 8203(cryst.)

those labelled
11

B was

10

80.2% B, and

0

As an

0
18

Following the procedure of Abys, et al (15), llB 1803(cryst) was

2
Mpe1, with 8,180, followed by

3 2
dehydration of the adid product, according to the reactions

synthesized by the hydrolysis of

-3
Mac1, + 3m,1% ESA0 - Tors 5(l8y) 4 3ucig)
-3
o (18 P < 10 Torr, 18 18
28(*%0m) , TSN > B, %0, (s) + 31,89

18
2

obtained from Prochem (Summit, N.J., U.S.A.). The reactions were

The product H 0, which was recovered, was 99% 18O—enriched and

carried out in a vacuum line and the product stored under dry N,

when at atmospheric pressure.




e

Preparation of Glasses

The natural abundance glass, llel

1181603 in a Pt crucible at ca lOOOOC in an

electric furnace for one hour, at which time it was bubble-free.

603(g1), was prepared by

heating reagent grade H3

The melt was quenched by allowing it to cool at ambient temperature.

lo821603(g1) was prepared in an analogous manner from H31051603

(92.4% loB). The mixed isotope glass 103211321606 was prepared

11_16 10_.16
B 03 and H3 B 03.

803(91), was prepared by

The

analogously from a physical mixture of H,
' 11, 1
B,
(cryst) to a small Pt boat under

The oxygen-18 labelled 8203(g1),

transferring ca 0.3 g of 11821803

dry N Also under N, the boat was placed in a quartz tube and the

2° 2
tube closed with a fitting containing a closed 3-way stopcock. The
assembly was inserted into a cold furnace, as shown in Figure 2,

and evacuated. The temperature was raised slowly to 1000°C and held
there for one hour. It was then removed, allowed to cool to room
temperature, filled with dry N,, and opened in a dry Nz-filled

atmosphere, where the Pt boat was removed. Small pieces of

11321803(91) were removed from the boat and stored over CaSO4

dessicant.

The mixed isotope glass ll8416031803(91) was prepared in a manner

similar to that of the 113218

3
11521603 (crys%), which had been synthesized in a procedure

identical to that for llB 18

2
. 11_ 18 . .
with 82 03(cryst). The mixture was made into a mixed isotope glass

0,, except that a molar equivalent

amount of

0, {cryst) , was weighed under N, and mixed

using the sealed tube method described above.

The preparative procedures used were designed to minimize two 4

hydrolytic effects. One is simple hydrolysis of the 3203 itself, ang

18

the other is 160/180 exchange in the O-containing melts.




Sample Handling

Due to the hygroscopic nature of vitreous 8203, certain
precautions were taken during sample handling and spectral analysis.
Again, this to prevent observation of artifacts in the spectra and to
prevent isotopic exchange. To establish conditions for hanéling, 2

piece of ll521803(g1) was transferred under dry N2 to the sample

cell shown in Figure 3 and the cell maintained with a dry N2 atmosphere.

The Raman spectrum of the sample was measured under these conditions.
Then the sample was removed from the cell and exposed to the air.

Over the course of 24 hours no significant change was detected in the
spectral features associated with the glass, but the appearance of new
features, especially a band at 880 cm—l, indicated the formation of a
layer of orthoboric acid on the glass surface. These observations
helped establish proper conditions for sample handling and detection

of hydrolysis.

Raman Spectra

Laser Raman spectra were measured using a Jarrell-Ash 25-300
Spectrometer with a Spectra Physics 164 Argon ion laser. Typically
the 488.0 nm line of the laser was employed, along with a narrow
band interference filter, and, as required, polarization scrambler
between the sample and entrance slit of the spectrometer. Experiments
were done in the 90° scattering geometry.

Results

The Raman spectrum of ll821603(g1) in the 1550-35 cm

is shown in Figure 4 for the HH and HV polarizations. The frequencies

“1 region

and FWHH values for two of the strongest bands in the region are noted.

This spectrum agrees well with those reported previously (3,5,13).

B

[
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As is well known, the dominant ratio for the broader 12€0 cm - band is

ca 0.7.

The Raman spectra of ll52L603(gl), l0821603(91), anc 11821833(ql)
are shown in Figure 5, curves !a), (b), and (c¢}. The shift of
each feature is noted to emphasize its dependence on mass. Comparicon
of curves (a) and (b) in Figure 5 shows the =ffect of chancin~ the
boron mass, while that of curve (a) with curve (c) shows the oxigen
mass-dependence. It is clear that there are important moces,
including the 808 cm-l band, which depend almost entirelv or the mass
of oxygen. The bands whose frequencies depend on both masses are labellec
X; while those labelled 0 depend significantly only on the mass ¢f
oxygen. The frequencies of the bands and their shifts are listed in
Table 1.

As seen in Table 1 and Figure 6(a), complete 18

1 1

O-labelling

causes the 808 cm T band to shift by -48 cm ' to 760 cm Y. This shif

occurs without broadening of the band. On the other hand, substitution

10 11

of B for B causes no shift in the 808 cm_l band, as shown in

Figure 6(c). The vibrational mode at 808 cm—l involves motion of the
oxygens only, at least tc a good approximation.
The effect of isotopic substitution on the 1260 cm_l band is

shown in Figures 7(a) and 7(c). The frequency clearly depends on

the masses of both B and 0. The FWHH of this band remains 35*1 cm—l,

18 . 16

although this is clearer in the case of complete 0-""0 substitution

11, 10

than it is in the case of the B substitution. Other bands in

this region are broader, as is characteristic of bands for glasses

generally, and, analogously to the 1260 em™ 1

band, shift upon




substitution of either boron or oxygen.
The spectra of mixed isotope materials is particularly revealing i

in the regions of these two well-defined features. As shown in

| Figure 6(b), the band at 808 cm * in 11p,*°
, A
' by a composite of four bands in 1‘84*6031803(g1). These features,

having the apparent intensity relationship 1:3:3:1, appear at 808,

03(gl) is replaced

-
791, 777, and 760 cm © respectively. Since no boron motion is
involved, the mixed boron isctope materials band remains at 808 cm—l,

as shown in Figure 6(d).

The behavior of the 126C cm-l bard for ll321603(g1) is quite

different. As shown in Figure 7({(b), the position of this band in

1 -
g 16O ‘803(91) is 1243 cm Looge has nearly the same shape and

4 3
bandwidth as it does when it appears in the spectrum of llB l603(ql)

2
at 1260 cm™ L. When the glass llB210B21606(gl) is measured, the

l, midway between its positions in the

band is observed at 1272 cm

spectra of l0821603(gl) and ll321603(651). Again the band shape

and FWHH values (35 cm-l) are essentially unchanged as the atomic masses

are varied.

.

Finally, the depolarization ratios at the positions of several
bands, taken approximately without extensive deconvolution of the several
effects contributing to scattering, are plotted versus freguency in
Figure 8. This "depolarization spectrum” in the terms of Kobliska and
Solin (16), is not useful presently where there are no bands, so
those points are replaced by dashed lines. This plot and the other

results are discussed below.

Discussion

The fact that the 808 cm * band shifts on oxygen-mass change

but not on boron mass change within experimental error, shows that




the mode involves essentially only oxygen motion. The fact that it is

replaced by four bands, one at 808 cm-l, in the ratio 1:3:3:1 instead

of by one band in llB416031803

a highly localized one. Indeed, the observation of such a splitting

is strong evidence that the mode is

pattern appears to be unprecedented for vitreous materials.

On the other hand, the behavior of the 1260 —

band is not
characteristic of a localized mode. If it were such a mode, it would
split into discrete bands or broaden to envelope several shifted but
overlapped bands. It does neither. The breadth, nearness of neighbcring
bénds, and relatively low intensity of each of the other bands makes
their analysis subject to the uncertainties cf deconvolution and
significant baseline correction. This and the fact that the two different
types of behavior are exhibitied by the two distinctive bands at 808

1 make it most useful to focus on their behavior.

and 1260 cm
Since the types of results expected for both localized and CRN
behavior are found experimentally, an appropriate model must provide
for a structure in which both can occur. In this context, it is clear
that a structure of boroxol rings that are randomly connected through
extraannular oxygen atoms is quite suitable. This will be treated in
more detail below.
It is useful to consider whether these new spectral results
could be interpreted in terms of a CRN of planar BO3 units. The
1260 cm™! mode (and its shifts) can be rationalized in CRN terms,
either as discussed below in the context of the connected boroxol
model or as assigned by Mikkelsen and Galeener (13). Except for the

1

808 cm ~ band, the other spectral features could be accounted for

in the broad CRN context. The isotopic splitting pattern of the




808 cm~! band is the key to solving the problem, but it must be

S P DO

considered carefully. If either a BO3 or B3O3 (boroxol} ring were

vibrationally uncoupled, a symmetric mode (Ai in D,,) would be Raman

3h
active and give rise to four bands in the 1:3:3:1 intensity ratio

at the 50% 160/50% l8O composition. As shown below, this occurs
simply for the boroxol ring in which it is possible for the three
in-ring oxygens to move without significant coupling of the mode to
network motions. However, for BO, "triangles" a very special type of
mode would have to exist in order for the oxygens to do essentially
ail the motion and yet for the mode to act as if it were localized.
Clearly it is impossible for it actually to be uncoupled from the
rest of the network if the "triangles" are joined through the moving
oxygens. What may be possible is for each BO3 to execute the
symmetric stretch exactly out-of-phase with the adjacent ones in such
a way as to make them appear to be independent. 1In order for them to
do so, some special connecting geometry appears to be required for
conservation of both linear and angular momentum. In any event, it
seems clear from the CRN studies reported to date that (a) the effect
of changing the oxygen mass would have to be an average one if the
0-B-0 angle is taken as 120°, and (b) the 808 cm_l band remains
unaccounted for. The question of the criteria for the formation of
special structures within the CRN context is under study.

The presence of localized vibrational behavior has been proposed
in other glass systems. Most cases have involved defect structures,
but Locovsky (17) and Martin (18) have used local models to explain
the spectra of ASZSB, AsZSe3. and amorphous chalcogens. For the former
two, Asx3 and As-X-As units were used, and the vibrational frequencies

were calculated in good agreement with the data using a scaling




process. Tauc (19), DeFonzo (20), and Finkman, et al (21) reported
further analyses of Aszs3 and Aszse3. They showed that by comparing
the Raman spectra of the crystalline and amorphous materials,>slight
k-dependent modes can be identified and associated with isolated
molecular vibrations. U[IeFonzo and Tauc (19) showed that in a glass
these modes contribute most tc the spectrum. The boroxol ring postulate
does not involve defect structures. Rather, the ring is taken to be
a major component of the network which, at certain frequencies, can
vibrate rather independently of the network.

. Further evidence for localized vibrational behavior was reported
by Kobliska and Sclin (16), who suggested that the more "molecular"
the character of an amorphous solid is, the more irregular is its
depolarization "spectrum". For example, quite drastic "dips" in
p are observed in Aszs3(gl) (16), while amorphous Si, which is thought
not to have identifiable pseudo-molecular structures, has an essentially
constant value of p through the spectrum. The depolarization
"spectrum" of 8203(91), displayed in Figure 8, shows the "irregularity"
thus attributable to localized vibrations. This is consistent with
our conclusions from the isotopic data.

1 band supports a local

Since the behavior of the 808 cm
(boroxol) model, but the behavior of the 1260 cm_l band is closer to
what is expected for a CRN-mode, it was decided to perform a vibrational
analysis of the local models to examine the eigenvectors. Thus,

normal coordinate analyses were done on the B303 ring and BO, triangle

3
structure.

Vibrational Analysis

The structures analyzed are shown in Figure 9. The pseudo




atoms X were linearly bonded to each peripheral oxygen and the

force field and eigenvectors relevant to each 0-X bond were used to
monitor the effect of coupling the internal modes of each structure to
the network. Variation of the portions of the force field applicable
to the 0-X bonding shoula have essentially no effect on the frequency
of an uncoupled mode.

The Schachtschneider program (22), based on the Wilson G-F
matrix method, was used for the analysis. The symmetry properties,
geometry, and masses were incorporated straightforwardly, as done
by Krogh-Moe (3). However, the force field was established differently.
Reasonable valence force constants were estimated for each structure
on the basis of previous work on this and related systems (3,23,24).
However, the force field was subjected to such constraints as that
the magnitude of the interaction force constants (off-diagonal elements
of the field) could not exceed approximately 0.2 of the related bond
(diagonal element) constants. While the initial force field was
varied a bit to provide a reasonable fit to the observed frequencies,
no attempt was made to obtain an exact fit because the goodness-of-fit
is not as useful a criterion for a vibrational calculation as is that
applied here when knowledge of the vibrational frequencies is not
over~-complete. In any event, the magnitudes of some of the principal
diagonal elements are similar to those of Krogh-Moe (3).

The normal coordinate problem was solved for the isolated B303
ring and BO3 triangle first. Then, non-zero values for the force

constants relevant to the B-0~X bonds (f O0~-X stretch; fe, B-0-X

xl

bend; and f the B-0,0-X stretching interaction) were introduced

X,R’
and varied to determine their effect. The eigenvectors and

frequencies computed for the principal Al modes of the isolated




i
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boroxol ring (Boroxol(isol.)) and the boroxol ring with attached

pseudo atoms X (labeled Boroxol) are given in Figure 10. Also presented

there are results for the BO3X3 unit. }

From these calculations it is clear that only v., of the J

3
boroxol ring is independent of the masses of the peripheral atoms

and the force field associated with extraannular bonding. 1Its

frequency and form are not changed by varying the mass or force
constants due to such bonding, which constitutes the "network bonding".

However, other modes of the ring couple with the environment to varying

extents; that is, they participate in network-type vibrations.

In particular, vy in the 1250-~1300 cm-l'region and v in the

1’
1500 cm-l region, involve primarily extraannular bond distention even
though ring atoms move considerably. Furthermore, essentially all

of the atomic motion in V3 is due to oxygen atoms, while Vir Var and
vy involve motion of both O and B, Naturally, each of the modes of

BO3 3 including those shown in Figure 10, depends strongly on the

0-X bonding.

18

Further calculations were performed on all of the O and

loB isotopic systems studied experimentally. For the boroxol ring

structure, substitution of ring atoms only (v3 is essentially

independent of the extraannular masses) yielded the results shown

in Figure 11. The value of v,y is calculated to shift from 808 cm.1

16 18

-1 e
for B O3 to 762 cm for 83 03, and for the C2v species

3

B 18016o 18 216

3 2 and 83 0
are in agreement with their observed positions, as shown below. These

frequencies are calculated to be the same with either 108 or 11B, as 1

0 to 793 and 777 em 1 respectively. These

observed. The other main Al modes shift upon substitution of either

B or O as shown in Table 2.




Although the comparison of calculated and observed frequencies
for Vg in Figure 10, and the preceding assignments of the bands are
consistent with the interpretation of the mode as a localized
one with isotopic splitting, to complete the analysis it is necessary
to show that the observed band shape agrees with that calculated.
Accordingly, four Lorentzian bands at the calculated positions,with
the FWHH of the 808 cm ! band, and in the intensity ratio 1:3:3:1 were
added. The individual bands and their sum are shown in Figure 12. The
sum band shape is essentially the same as that observed.

Spectroscopically the 1260 cm-1 band exhibits network-type
behavior upon isotopic substitution. This is evident from the spectra
in Fiqures 7a and 7b for mixed oxygen isotope glasses, in which the
band appears at an “average" frequency (*3 cm-l) between those of the

le6 18

O and O-labelled glasses. It does not split or broaden. When an

"average" oxygen mass of 17 amu is used in the boroxol ring calcula-

tions an average frequency between that calculated for completely 16O

18

and O substituted rings is obtained for vy Mikkelsen and Galeener

(13) assigned this band to a network (TO) made.
Yet other evidence seems to suggest that the 1260 cm_l band
is connected with the vibration of the boroxol ring. Krogh-Moe (3)

assigned this band to the Al vibration vy (Figure 10) or vy for the

"isolated ring", which presumably would involve more network contribution

than V3. This coupling, it was argued, would cause a breakdown of
selection rules and make the band infrared active, as it is, as well
as contribute to band broadening.

However, our isotopic results and calculations show that this
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band is not primarily associated with the boroxol ring, but represents
the participation of ring atoms and extraannular atoms in the network
vibrations. Its mass dependence is on both B and 0. Moreover, if
this mode were essentially a localized ring vibration, it should have
resulted in either a splitting or at least a broadening of the band

with partial isotopic substitution. Thus, the B3O3.3 ion in

crystalline metaborates (25) has a band at 1600 cm'—l which splits
predictably with partial 198 substitution. The 1260 cm ' band

does not split or broaden.

1

Our conclusion is that the 1260 cm - band is best assigned to a

delocalized B-0 stretch involving both ring and network contributions.

Conclusions

18O and loB isotopic substitution in the

The results for
vitreous 3203 (gl) demonstrate that thexe is both highly localized
vibrational motion characteristiq of boroxol rings and network
motion characteristic of such rings randomly connected in a network.
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Table 2
Calculated Spectral Shifts for Ai modes of the Boroxol Ring (cm-l) 1
Freq. | v(%0,11s) v (180 av (260 180) v(1%) | av(tls 10
vl 1503 1476 =27 1506 + 3
v, 1283 1279 - 4 1334 +£1
V3 808 762 -46 808 0
Vg4 490 471 l‘ ~19 492 + 2




Figure Capticns

1. Representation of the boroxol (3303 ring structure). The

three extraannular oxygens are bound to trigonal planar B atoms and are
the only atoms bound to the ring. The dotted lines from these oxygens
to the rest of the network are drawn to emphasize that the extra-
annular dihedral angles and those angles with vertices at those

oxygens are not defined by the model.

2. Vacuum tube (quartz) furnace used in the preparation of 18O—labeled
glasses. The three-way stopcock permitted heating of the sample under
vaéhum and guenching in dry N2.

3. Plexiglass sample cell used tc take Raman spectra of hygroscopic
18O-labeled glasses. Thin glass cover slides served as entrance and
exit ports for the laser beam. The sample was inserted on a wire
through a side port while under N2 atmosphere, a cap retaining the
seal when the chamber was removed from N2. Dry N2 was passed through
the chamber between two septums, as noted in the figure, as the

spectrum was taken.

11 l6

4. The 350-1550 cm_l region of the Raman spectrum of 82 03 {gl).

The spectrum is shown for two polarization conditions:

» HV;
----, HH. The frequencies and bandwidths at half-height (FWHH) of

the two principal bands are noted.

5. The 350-1550 cm-1 region of the Raman spectrum of 8203 (gl)

11 160

under different types of isotopic substitution; (a) B, {(gl)

3




10 16 11 18
(b) B, 0, (g1}, (c) B, o3

bands whose frequency depends about equally on both the masses of

(cl). The symbol Xconnects those

boron and oxygen: the symbol Oconnects those bands whose frecuency

depends principally on the mass of oxygen.

6. The Raman spectrum in the vicinity of 800 cm.l of 3203 (gl) for

different types and amounts of isotopic substitution. (a) Spectra

11B 16O {(gl) and lle 18O3 (gl); (b) Spectrum

2 3
O3 (gl); (c) Spectra are shown for both lle ‘603 {(gl)

are shown for both

llB 16 18

of 4 O3

and 108 16O {(gl); (4) Spectrum of loB llB 16O (gl).
2 3 2 2 6
7. The Raman spectrum in the vicinity of 1250 cm“l of 8203 (gl) for
different types and amounts of isotopic substitution. (a) spectra
are shown for both lle 1603 {(gl) and lle 18O3 {gl); (b) spectrum
of 1134 16O3 18O3 (gl); (c) spectra are shown for both 1182 1603 (gl)
and 10B 16O {(gl); (d) spectrum of 108 llB 16O (gl).
2 3 2 2 6
" : . " 11, 16 : :
8. Depolarization spectrum" for 82 03 (gl). Since readings

are not useful in regions where there are no bands, those points
are replaced with dashed lines. Ratios were taken approximately,
at the peak frequencies of several bands without extensive deconvolution

of the several effects contributing to scattering.

9. Geometry and numbering scheme used for both structures in the
normal coordinate analyses. Both structures are of D3h symmetry as
drawn. Masses (in amu) were taken as follows: lOB, 10.013;

g, 11.009; %0, 15.999; 85, 17.999; x, S.0.
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10. Frequencies and eigenvectors of totally symmetric modes (Ai)
calculated for the boroxol ring, the isolated boroxol ring with fX’ f

and f,. set equal to zerc (isol.), and the BO,X, unit,.

11. Comparison of the observed frequencies in the Raman spectrum

of 1184 16O3 18O3 (gl), and the calculated frequencies for Vg

under different degrees of 18O-substitution within the boroxocl ring.
Expected intensity of each band is given by statistics for substitution

in a 50% 160/50%180 system and is denoted "Rel. comp.".

12. The four Lorentzian bands constructed with appropriate relative

amplitudes (1:3:3:1) at each of the calculated frequencies

for Y and their sum. The result is an excellent simulation of the

observed Raman spectrum of 1184 16O3 18O3 (gl) within this region.
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